The aerosol product derived from MODIS observations now includes a seven year record from Terra-MODIS and a five year record from Aqua-MODIS. We are now at a point to use this information in the manner intended, to perform a quantitative "check-up" of Earth's global aerosol system. How are aerosols distributed over the continents and oceans? How are different sizes distributed, and what are the relationships between aerosol loading and aerosol particle size in different regimes? Finally, what are the regional and seasonal characteristics of the aerosols? In this paper we will attempt to answer these questions from the data base of MODIS aerosol products.
-Global mean values can vary by as much as 20% depending on how the data is aggregated, weighted and averaged. The results here are "pixel weighted". Thus, they are biased to clear skies and the reported AOD may be low.
-AOD in situations with 80% cloud fraction are twice the global mean values, although such situations occur only 2% of the time over ocean and less than 1% of the time over land.
-There is no drastic change in aerosol particle size associated with these very cloudy situations.
-The heaviest aerosol regions are North Africa, India, East and Southeast Asia.
Each has its own seasonal cycle and interannual variability.
-The northern industrial economies (North America and Europe), Siberia and especially Australia have the lowest AODs.
-The three southern hemisphere biomass burning regions (South America, southern Africa and Indonesia) exhibit very similar seasonal behavior.
-Taken as a whole there is an increasing trend in southern hemisphere biomass burning AOD over the five year Aqua record.
-We find that elevated aerosol over background conditions in most oceanic regions is dominated by fine mode aerosol and not dust. This includes the Mediterranean, the north Pacific downwind of Asia and even the southern oceans. Only the Saharan outflow region in the Atlantic and the Arabian Sea area have certain months dominated by dust.
-In this analysis we did not find significant global trends of AOD either over land or ocean. A longer time series is required to identify trends.
Introduction
The instruments aboard NASA's Terra and Aqua satellites have been observing the Earth since early 2000 and mid-2002, respectively. In the words of Dr. Yoram J. Kaufman, Terra Project Scientist at the time of the Terra launch, the Terra and Aqua missions were "designed for a comprehensive check-up of planet Earth" [Kaufman, 2000 http://terra.nasa.novlEvents/FirstImanes/]. Similar to a check-up at the doctor's office, these missions would characterize the health of the planet. The goal was to use the vantage point of space to view the Earth's interconnected systems of atmosphere, land and ocean, and to characterize the parameters important to sustainability of the planet and its human population.
One important feature measured by several instruments aboard Terra and Aqua is atmospheric aerosol. These small solid or liquid particles suspended in the atmosphere play a major role in the energy balance of the Earth, in modifying cloud, precipitation, and atmospheric circulation characteristics, in providing nutrients to nutrient-limited regions of land and oceans, and in affecting air quality and public health. Aerosols are highly inhomogeneous in space, time and composition, and yet, knowing the amount, composition, distribution, size and shape of these particles is necessary for any meaningful estimates of their effect, from estimating anthropogenic climate forcing to forecasting air quality and potential health effects from air pollution.
One of the instruments aboard both Terra and Aqua specifically designed to characterize atmospheric aerosols is the MODerate resolution Imaging Spectroradiometer (MODIS).
The aerosol product derived from MODIS observations now includes a seven year record from Terra-MODIS and a five year record from Aqua-MODIS. We are now at a point to use this information in the manner intended, to perform a quantitative "check-up" of Earth's global aerosol system. How are aerosols distributed over the continents and oceans? How are different sizes distributed, and what are the relationships between aerosol loading and aerosol particle size in different regimes? Finally, what are the regional and seasonal characteristics of the aerosols? In this paper we will attempt to answer these questions from the data base of MODIS aerosol products.
MODIS aerosol products
The aerosol products are derived operationally fiom spectral radiances measured by MODIS. MODIS has 36 channels spanning the spectral range fiom 0.41 to 15 ym representing three spatial resolutions: 250 m (2 channels), 500 m (5 channels), and 1 krn (29 channels). The aerosol retrieval makes use of seven of these channels (0.47 -2.13 ym) to retrieve aerosol characteristics [Remer et al., 20051 and uses additional wavelengths in other parts of the spectrum to identify and mask out clouds and river sediments [Ackerrnan et al., 1998 , Gao et al., 2002 Martins et al., 2002; Li et al., 20031. The MODIS aerosol algorithm is actually two independent algorithms, one derives aerosol characteristics over land and the other for aerosols over ocean. The original land algorithm is based on the "dark target" approach [Kaufman and Sendra 1988; Kaufman et al., 1997; Remer et al., 20051 and therefore does not retrieve over bright surfaces including snow, ice and deserts. A more recent MODIS product, labeled "Deep Blue" does retrieve over bright surfaces [Hsu et al., 20041 . However, the climatology presented in this paper does not include the "Deep Blue" results. The ocean algorithm masks out river sediments, clouds and sunglint, then inverts the radiance at 6 wavelengths (0.55 -2.13 pm) to retrieve aerosol optical depth (AOD) and particle size information [Tanre et al., 1996; 19971. We will examine two types of aerosol products: aerosol optical depth (AOD) and particle size parameter. AOD is a straightforward measure of column integrated extinction. The MODIS product includes retrievals of AOD at seven wavelengths over ocean and three wavelengths over land. There are several measures of particle size included in the MODIS aerosol product. Angstrom exponent over land is defined as:
There are two Angstrom exponents over ocean, defined as and Angstrom exponent is a measure of the spectral dependence of the aerosol optical depth and a proxy for aerosol size. Larger Angstrom exponents indicate smaller particles, while smaller Angstrom exponents suggest larger particles.
There are two other measures of particle size in the MODIS aerosol product, and these are fine aerosol optical depth and fine modelmodel fraction. Fine AOD is the AOD contributed by the fine mode aerosol model. Over ocean, the fine model is a single mode with effective radius spanning the range 0.10 to 0.25 pm [Tanre et al., 19971 . These are mostly submicron particles, but the tail of the mode could include particles that exceed 1 pm. Likewise, there could be submicron particles associated with the tail of the coarse mode distribution that are not included in the Fine AOD. Over land, the "fine" model is a multi-modal aerosol model that includes both fine and coarse modes [Levy et al., 2007al .
It is labeled a "fine" model because the fine mode dominates the size distribution.
Therefore, fine AOD has entirely different meanings whether over ocean or land. Fine modelmodel fraction is the fine AOD divided by the total AOD. We use fine "mode" to designate the parameter over ocean because the model is a single mode, and fine "model"
to designate the multi-modal model over land, but abbreviate both as FMF.
The derived aerosol products undergo rigorous testing and validation. The algorithms were created before Terra launch and tested using data from airborne imagers [Kaufman et al., 1997; Tanre et al. 1997 Tanre et al. , 1999 Chu et al., 19981 . After Terra launch, the products were validated by comparison with collocated ground-based observations by the Aerosol Robotics NETwork (AERONET). The AERONET network consists of hundreds of automatic instruments that measure aerosol optical depth (AOD) to within 0.01 accuracy [Holben et al., 1998; Eck et al. 1999; Smirnov et al., 20001 , and retrieve other aerosol characteristics including particle size information [Dubovik and King, 2000; O'Neill et al., 20031 . Comparison of MODIS-derived AOD with collocated AERONET-measured data showed that the MODIS AOD ocean products were accurate to within h0.03*0.05 z over ocean, where z is AOD Remer et al., 2002; Levy et al., 2003 Levy et al., , 2005 Remer et al., 2005) . Additional validation using the NASA Arnes Airborne
Tracking Sunphotometer confirmed these error bounds over ocean [Russell et al. 2007; Livingston et al., 2003; Redemann et al., 2005,20061 . Over land, the comparison yielded varying results. In some cases the over land AOD retrievals fell within expected uncertainties (k0.05k0. 15z) Remer et al., 20051, but in many situations there appeared to be a strong positive bias at low AOT in the over land retrieval, and a negative bias at high AOT [Ichoku et al., 2003 Levy et al., 2005; Remer et al., 20051 . The MODIS particle size information over ocean correlated well with AERONET retrievals, but tended to over predict the occurrence of small particles at the expense of large particles [Kleidman et al., 20051. To address these lingering problems with the aerosol products, new codes were developed. The land algorithm underwent significant change, while maintaining the basic dark target approach [Levy et al. 2007abl . The ocean algorithm remained almost the same with changes made only to three of the nine aerosol models in the Look Up
Table [Remer et al., 20071 . These new algorithms were applied operationally to the complete record of calibrated radiances to generate a new "Collection" of aerosol products resulted. These reprocessed data are known as Collection 5, which is available for both the Terra and Aqua records. Collection 5 provides us with a consistent data set created from a single set of algorithms applied identically to an uninterrupted data stream of calibrated radiances. Collection 5 aerosol products exist for both Terra and Aqua records.
Data for the Climatology
Two types of MODIS data will be used in this paper: Level 2 (L2) and Level 3 (L3). Creating daily L3 from L2, and further processing the data to achieve global and regional monthly means requires decisions as to how to aggregate and average the data at each Aqua. Validation efforts beyond the scope of this paper continue. Individual regions will be examined, and we will include ship board measurements as well as AERONET observations as the "ground truth". However, for now, we see that the MODIS Collection 5 aerosol product can be used to examine the state of the aerosol system.
Comparison of Collection 5 with Collection 4
By comparing MODIS retrieved AOD with collocated AERONET observations on a day by day basis we established that the Collection 5 retrievals are a true representation of the Earth's aerosol system, to within specified accuracies,. Even if both Collection 5 and Collection 4 [Remer et al., 20051 aerosol optical depth match AERONET observations within MODIS specifications, there could still be systematic offsets. In this section we compare mean results of the two Collections.
Over ocean, the only difference between Collection 4 and Collection 5 aerosol algorithms is that three of the aerosol models were modified. The new aerosol optical models are given in Table 1 Further analysis shows that Terra Collection 4 matches both Aqua Collections and that Terra Collection 5 is an outlier when compared to the other three data sets.
The 0.015 offset in AOD between Terra Collection 5 and the other three data sets is not yet understood. Algorithm changes were applied equally to the software run for Terra and Aqua. If an AOD offset was introduced by modifying the aerosol models as described above, then we would see AOD changes equally in both satellites. Because the offset has been introduced to Terra and not Aqua, we suspect this offset is due to updates to the Terra-MODIS calibration constants that altered the Collection 5 input radiances.
Investigation continues. However, in this paper we will concentrate on Aqua retrievals over ocean, and leave the evaluation of Terra ocean retrievals until a time when the calibration changes to Terra have been carefully evaluated.
Over land, in contrast to ocean, substantial differences exist between the Collection 4 and 5 algorithms [Levy et al., 2007abl . All aerosol optical models were modified, as were surface assumptions and snow masking. A vector radiative transfer code replaced the scalar code used in Collection 4, and the overall numerics of the inversion were changed.
Because of these changes we expect , and will not be further discussed here.
Global mean aerosol optical depth over ocean and land
Proceeding with Aqua Collection 5 we will now investigate the emerging global aerosol climatology as viewed by MODIS. effects (Wen et al, 2006; 2007) and by subpixel clouds (Zhang et al, 2006) . We chose this weighting method in order to minimize the effect of clouds on the statistics, although we acknowledge that pure aerosol in the vicinity of clouds can be higher than aerosol away from cloud fields (Koren et al., 2007) . The consequence of our chosen method is that the values in Figure 5 may be biased low. 
Global AOD statistics in the vicinity of clouds

Regional and seasonal distribution of aerosol optical depth
Up to this point we have analyzed the global aerosol system in terms of its global mean statistics. The aerosol system is far from being well mixed and homogenous. The aerosol story is very much linked to geography and season. Figure 7 shows four months of aerosol optical depth observed fiom Aqua MODIS. The four months were chosen to represent seasonal changes, and each month is the mean of that month over the five years of the Aqua mission. In Figure 7 we see the strong aerosol loading over eastern China, Figure 7 also shows the limits of the MODIS aerosol products to represent the global aerosol system. Large expanses of the globe are left blank during various seasons due to polar night or surfaces unsuitable for making a dark-target retrieval. The new Deep Blue product will fill in some of these spaces when combined with the standard aerosol products although that prospect is outside the scope of this study. Because of these missing regions, the global mean aerosol values described here may not be truly representative of the entire globe, particularly over land.
Aerosol optical depth of individual regions
We define 13 regions over ocean (following Remer and Kaufman 2006) and 14 regions over land to examine MODIS-derived aerosol characteristics in greater detail. Figure 8 defines these regions. Seasonal and annual mean AOD are given for each region and season in Table 2 for ocean regions and Table 3 Because the seasonal cycle is most pronounced near the aerosol source regions over land we concentrate our seasonal analysis on the land regions. Figure 9 shows the AOD time Northern Africa and India, grouped together because both are affected by dust transported from the Sahara and Arabia, have overall higher AOD than any of the previous regions. North Africa exhibits an irregular seasonal cycle with the highest values reported in later winter (February and March) at the peak of the northern hemisphere biomass burning season, but also a secondary seasonal peak that varies but generally appears in late summer when dust is dominant. India's seasonal cycle is more regular with a single longer aerosol season. AOD begins building in the spring and extends into early summer. A small regular secondary peak also occurs late in the year.
In 2006, this secondary peak was larger than in previous years.
The fourth grouping of regions in Figure 9 are the Asian regions, excluding India and Indonesia, which were previously discussed. AOD values remain moderately high even for the autumn and winter months.
Aerosol size characteristics of individual regions
Aerosol particle size can be described by a variety of parameters in the MODIS aerosol data product including fine mode AOD, fine mode fraction and various Angstrom
Exponents. These parameters provide subtle differences, but are more or less correlated with each other. The ocean algorithm uses 6 wavelengths and benefits from a fairly homogenous background surface. Therefore, the ocean product contains inherently greater information content than the land product, which uses only three wavelengths and is sensitive to the assumptions made about the spectral surface reflectance. In short, the size parameters from the ocean algorithm are more reliable than the land. Despite this fact, in the global analysis we showed global statistics of aerosol size parameter over land (which we took as a qualitative parameter) because random errors introduced in various regions may be reduced by global averaging. We are already aware of specific regions where the land size parameter is systematically wrong [Jethva et al., 20071 and prefer to wait until full characterization of the land size parameter is available before calculating regional climatological statistics. In the regional analysis we focus the size parameter analysis solely on the ocean retrievals. We obtain greater physical interpretation by plotting monthly mean aerosol size parameter against monthly mean total AOD, following Kaufman et al., [2005] . Figure 10 shows the results for five regions. The results fall into two classes. Regions 2,4, and 13
fall into the first class. In this situation as aerosol optical depth is added to a baseline background value AOD of the fine mode increases as well. The slope of the regression is approximately 0.7 -0.8. Region 6 represents the second class. Here AOD fine also increases as total AOD increases, but at a much slower rate. The slope of the class 2 regression is approximately 0.3. We interpret these two classes as the difference between adding smoke/pollution to a background marine aerosol in which the slope is the higher value, and adding dust, which results in the smaller slope.
We expect elevated AOD in Region 2 to be pollution from North America and Europe.
Likewise we expect elevated AOD in Region 6 to be dust from the Sahara. However, it is somewhat surprising that the elevated aerosol in Region 13 follows the smoke/pollution curve so tightly. This suggests that elevated aerosol in the southern circumpolar ocean has a strong biomass burning component, and indeed the seasonal means in Table 2 shows that elevated AOD and FMF occur during the southern hemisphere biomass burning season. We also expected that some of the elevated aerosol in Region 4 would have a dust component from transported Asian dust. Instead we see a tight correlation following the smoke/pollution curve. Figure 10 also plots Region 7, the northern Indian Ocean. Region 7 splits its monthly means to follow both curves. This suggests that in some months the aerosol is dust and other months it is smoke/pollution.
558 Table 4 gives several annual mean aerosol size parameters, and the regression slope and 559 correlation coefficients following Figure 10 for each ocean region. Note that Region 7, 560 which contains both classes from Figure 10 has a small slope, but a relatively low R2 561 value. A low R2 gives indication that the region follows neither class. In some cases this 562 is because some months follow the smoke/pollution curve and other months the dust 563 curve (Regions 3 and 7), but in other cases the region remains pristine through all months 564 and there is no elevated aerosol (Region 9).
565
Discussion and Conclusions
The MODIS aerosol product derived from 7 years of Terra data and 5 years of Aqua data has recently undergone reprocessing using a new algorithm labeled Collection 5. Validation efforts continue, and a more comprehensive validation study is in preparation.
The differences we expected to find between Collection 4 and Collection 5 included a shift to larger particle sizes over ocean but no change to ocean AOD. In the Aqua record, indeed that is exactly what we find. However, something else has occurred in the Terra record. Not only did the particle size shift in Terra ocean, but the global ocean AOD increased by 0.015. The MODIS aerosol software is applied equally to Terra and Aqua.
To have Terra oceanic AOD shift by 0.015, while Aqua AOD remain the same is impossible. The only logical answer is that MODIS calibration constants also changed between Collections. This change in Terra calibration is under investigation. In the meantime, we have focused on the Aqua record because the results are as expected. It is possible that Terra's new calibration will prove to be the more accurate and the results shown here are artificially low.
We have presented an analysis of Aqua-MODIS aerosol optical depth and particle size information, over ocean and land, globally and regionally. We have shown time series and histograms. From this analysis we conclude:
-Global mean AOD is 0.13 over ocean and 0.19 over land -At every decision point in the processing we have taken the road leading to lower values of global mean AOD. In particular by pixel weighting and using Aqua instead of Terra, the global mean AOD is lower by 0.015 to 0.04 than if calculated without pixel weighting and by using Terra.
-We feel that the higher range of values that would be achieved without pixel weighting contain cloud artifacts. Therefore we decided to produce values that are least affected by clouds and are at the lower range of the envelope.
-Land shows a broader distribution of AOD than ocean. Roughly 28% of land retrievals are extremely clean and within h0.05 of AOD = 0. Only 15% of ocean retrievals are that low.
-Global mean values are limited by sampling issues. No retrievals are made during polar night, snow, ice or bright land surfaces.
We demonstrate in this work an emerging climatology of aerosol characteristics using the satellite view from MODIS. Longer records are necessary to fully characterize trends and further analysis with multiple data sets is necessary to better unravel the signatures of aerosols and clouds. However, this view from space and "check-up" of the aerosol system provides valuable information for understanding the planet now and estimating the potential consequences of global change.
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Figure 5 Time series of MODIS global aerosol optical depth at 550 nm over ocean (left) and over land (right) for the length of the Aqua mission. Monthly mean total AOD is plotted with a heavy black line. Contribution to the AOD from fine mode (ocean) or fine model (land) is plotted in blue. Note that unlike ocean the land fine model contains coarse mode aerosols, as well. The percentile AODs are plotted by various dotted and dashed thin black lines. The mean AOD roughly corresponds to the 66% percentile over both ocean and land, showing that 66% of the monthly mean AOD values are less than the mean. Note that the vertical axes are different in the land and ocean plots. 7. Five year mean global distribution of aerosol optical depth (AOD) at 550 nm a selected months: January, April, July and October. The averages were calculated lixel-weighted daily 1 x 1' latitude-longitude MODIS aerosol products. Negative in purple identify where AOD is so low that it cannot be distinguished from zero, indicates fill value where no retrieval was attempted. Retrievals are not attempted low, during polar night or over bright deserts. 
